The main taxiways at Cape Town International Airport were identified through regular maintenance surveillance, as being in urgent need of rehabilitation. Thick asphalt base layers were identified as the most cost-effective and applicable pavement rehabilitation structure. The aggressive wheel loading and environmental conditions necessitated a superior asphalt design methodology for these mixes.
Introduction
The investigation and design of the asphalt mixes for the rehabilitation of the main taxiways at Cape Town International Airport was initiated because the existing taxiway structures had provided in excess of 30 years of service and some of the sections had exceeded their design life and were in severe condition including failures. The new proposed rehabilitation pavement structures consisted of a combination of relative thick asphalt base layers and asphalt surfacing. Each of these asphalt layers had different mechanistic and functional requirements. Various construction requirements and environmental conditions further necessitated special design considerations.
Various moisture-related and asphalt durability problems were experienced during recent rehabilitation projects at this airport and the Airport Company of South Africa sought to prevent a repeat of such costly failures and unacceptable operational delays. A specialised team of design engineers and local asphalt experts was constituted to ensure that the constructed asphalt layers could withstand the different structural, environmental and functional design requirements optimally.
Pavement Design Background
The existing pavement structure mainly consisted of 220mm to 300mm of severely cracked and rutted asphalt layers on lightly stabilised gravel sub base and gravel selected layers, founded on compacted in situ sand layers. The stabilised gravel sub-base layer was in an "equivalent granular state" in all of the severely failed taxiway areas. The in situ sand layers become relatively stiff at depths below 1.5 metres. The expected design traffic was calculated to vary between 450 000 and 600 000 equivalent Boeing 747 bogies (4 wheel, 22 ton per wheel, 1200 kPa wheel pressure).
The recommended rehabilitation design included the removal (milling out) of some 320mm of the upper asphalt and sub-base gravel layers, backfilled to the original level with new asphalt layers. These asphalt layers were all tailor-designed to fulfil various mechanistic and structural functions within the complete rehabilitated pavement structure.
Design Strategy of Asphalt Layers
The mechanistic and structural pavement analyses identified specific requirements for the asphalt surfacing and base layers. The upper and lower sections of the asphalt base layers also required a distinctly different set of specialised properties. Based on structural design requirements as well as the constructability aspects, it was concluded that the required 320mm asphalt inlay needed to be separated into an upper 50mm thick surfacing, a 135mm thick upper base and a 135mm thick lower base. Some of the basic mix requirements, designed to ensure that specific mix properties can be obtained, are mutually exclusive. The objective of the mix design is to obtain an acceptable balance between the conflicting properties and to optimally satisfy design requirements.
Identification of Key Mix Design Parameters
Based on the above asphalt design strategies it was decided that the following key mix design parameters would be tested for each specific layer application in order to identify, modify and verify applicable production mixes from the designated contract supplier. The surfacing layer required extensive testing for deformation (rut) resistance due to the slow moving, high (1200 kPa) tyre pressures and wheel loads trafficking it. The durability of this mix under wet trafficking is also essential. A continuously graded 13.2mm nominal size, asphalt wearing course with 40/50 Pen binder and 5% Marshall voids-in-mix (VIM's) was specified at tender stage (hereinafter referred to as COLTO mix). A nominal binder content of 5.3% was specified for tender purposes.
The upper asphalt base mixes also require extensive testing for deformation resistance due to the fact that the stresses are subjected to the tyre contact stresses with little stress dissipation over a depth of 50 mm. A continuously graded 26.5mm nominal size BTB with 40/50 Pen binder (4.5% nominal binder content) and 4.5% VIM's was specified at tender stage (hereinafter referred to as BTB mix).
The lower asphalt base mixes require extensive fatigue resistance and durability testing with a somewhat lower emphasis on rut resistance. A 37.5mm nominal aggregate, Large Aggregate Mix for Base (LAMBS), with 60/70 Pen binder (4.2% nominal binder content) and 3.5% VIM's was specified at tender stage.
Applicable Test Methods
The basic Marshall mix design method was used in parallel with selected state-of-the-art performance related test methods to modify and verify the available production mixes of the Contractor's preferred supplier. Deformation resistance was an essential property under consideration and the latest performance test methodology, the MMLS3 3 apparatus was used to assess and verify the mixes under various conditions. Plant produced mixes were tested at representative field compaction and thickness to the designed in situ layers. The MMLS3 apparatus enables performance evaluation of trial mixes to be analysed in the field, under controlled climatic conditions. The MMLS3 is a scaled-down APT tool that comprises four wheels (300mm in diameter, 70mm wide) that are forced into a closed loop in such a way that it is able to apply 7200 rolling wheel loads to the pavement per hour. The MMLS3 tests were carried out on base and wearing course trial sections. Two different approaches were used: a) MMLS tests performed at a high pavement temperature i.e. 40 °C and b) MMLS tests carried out with the surface of the pavement covered with water heated to 40 °C, during trafficking. In addition, Dynamic Creep tests (max deformation in the 2000 to 3000 repetitions range), Gyratory compactor testing (Number of Gyrations to obtain min specified field compaction, VIM at 300 gyrations or refusal) 1 and Wheel Rut Tester 2 procedures were carried out to comprehensively investigate the deformation resistance performance of candidate mixes. Fatigue testing of especially the lower base layer was carried out by means of the Four Point Beam Fatigue testing and also indirect tensile fatigue testing on both trafficked (MMLS) and untrafficked samples 2 .
Testing Schedule
The specified asphalt production mixes used in the study were sampled from the production line and supplied by the Contractor's designated suppliers. Superpave Gyratory Compactor specimens were compacted to 300 gyrations and to approximately 7% voids (specified field density of 93% MTRD) for modified Lottman testing and MMLS3 tests 1 . Field compaction specifications (93% Maximum Theoretical Relative Density (MTRD) in upper layers and 94% MTRD in lower base layer) were readily obtained. The modified Lottman tests are not discussed further in this paper.
Results of MMLS rut resistance testing
Epps et al 3 conducted research to relate the rut depth under the MMLS3 loading to a terminal rut depth under full-scale traffic loading. They identified that an average rut depth of 3.5 mm after approximately 100 000 repetitions relates to a 10 mm rut depth under full-scale trucks in the field (10million ESALS at 60°C). Testing for the Cape Town Airport was carried out at 40°C specimen temperature (selected 50°C tests were included) under wet conditions to obtain both durability (binder stripping resistance) and rut resistance data. Note: All the MMLS tests were extended to 200 000 repetitions to detect performance trends. Also the 3.5 mm maximum rutting criteria from Epps et al 3 was proportionally decreased to 2.0 mm to account for the higher tyre pressures (1200 kPa versus the 700 kPa original calibration values). Further validation of these assumptions is required through additional research.
It was concluded from this MMLS testing that stiffer binder (40/50 versus 60/70) and the addition of 3% (by mass of binder) Gilsonite modifier significantly enhanced the rut resistance of all mixes. The exclusion of sand from the LAMBS mix enhanced the rut resistance of the mixes. Local sands used in asphalt mixes are relatively rounded and have been proven to reduce rut resistance.
Gyratory Compactor Testing
The two main performance indicators derived from the Gyratory Compactor testing were the voids (VIMs) at 300 Gyrations and the number of Gyrations to obtain specified field compaction of 93% MTRD (94% MTRD for lower base LAMB's mixes). The results of this study are given in Table 3 . All mixes was found to be well within the specified 2% minimum voids at 300 Gyrations 2 . Only the LAMB's mixes with sand aggregate, intended for the lower base, were marginal. A severe decrease in rut resistance was noted, confirming the detrimental effect of rounded sand grains in the mixes. The entire upper layer mix selection (COLTO Medium and BTB's) performed exceptionally well with the COLTO Med. with 40/50 binder and all the BTB mixes being outstanding.
Results of Wheel Tracking Rut resistance Testing
The results of the tests with CSIR's (Council of Scientific and Industrial Research) wheel tracking device, are given in Table 4 below. These tests were performed at 60 C on 400mm*650mm*60mm slabs compacted (100% Marshall Density) to specified Marshall design voids (5 % for COLTO wearing course mixes, 4,5 % for BTB's and 4 % for LAMB's mixes). The interim guideline 2 criteria are also provided. The wheel tracking results obtained for both the COLTO and BTB mixes were excellent. For both types of mixes, no significant differences could be found between the different binder types used -however the Gilsonite modified and 40/50 Penetration combination provides slightly better values. 
Fatigue Testing
The Four Point Bending Beam testing and MMLS3 trafficked/untrafficked ITS 1 comparison fatigue testing was performed only on the asphalt base mixes (BTB and LAMB mixes). The results of the Beam fatigue testing (compacted to specified field voids) tested at a range of 200 to 500 are shown in Table 5 . The design strains identified in the airport taxiway pavement base were in the order of 300 to 400 µ . The tested results of other typical base mixes used in South Africa are given for reference as well as the Interim Guidelines 3 currently in use in South Africa. In general, all the BTB mixes fall in the "Good" category of the interim guideline values with the LAMB's mixes in the "Poor to Medium" category especially at the more applicable higher strain values (300µ µ Note: All values are lab tested and do not reflect pavement related performance (up to 10 times more repetitions in Field pavements expected).
This reliably indicated that the BTB mixes can be expected to perform superiorly to the LAMB's mixes as the fatigue-resistant lower asphalt base layer mixes. This was also indirectly confirmed with ITS testing showing values of 1 500 kPa for the BTB mixes versus values of 1000 kPa for the LAMB's mixes. Fatigue testing with the MMLS was done by performing dynamic strain testing in the ITS apparatus on both trafficked and untrafficked samples at 20 % of max ITS levels (10Hz, 20 C). The LAMB's mixes were found to be marginally better that the BTB mixes but trafficked versus untrafficked comparisons show the BTB's to be more durable with relation to trafficked versus untrafficked repetition ratios.
Final Selection of Applicable Mixes
Based on all the above results, it was confirmed that the BTB mixes is superior to the LAMB's mixes for both upper and lower base layer application. Both the fatigue and deformation resistance of the BTB mixes are superior if compared to the LAMB's mixes. . It was concluded that the BTB 60/70 with 3% Gilsonite will be the optimum mix for the upper base layer and the plain BTB 60/70 the optimum for the lower base layer. The COLTO medium wearing course with 40/50 Pen binder was identified as the superior surfacing mix in both the Gyratory, MMLS and Wheel Rut performance testing. All these mixes were pre-tested for compactibility on site trial mixes and the density specifications was consistently obtained both in trials and during construction stages. The constructed layers had been exposed to traffic for approximately 12 months at the time of compilation of this paper and no rutting had been detected.
Conclusions
The Authors and design Engineers involved concluded that this asphalt mix design and verification study was extremely successful due to the following essential aspects that were being employed throughout the process: Knowledge optimisation through partnering constituted between the industry, academic and research institutes, the design engineers, the asphalt suppliers and the paving contractors; Multi-level based asphalt design methodology incorporating mechanistic and structural layer fundamental analyses, volumetric criteria, performance criteria and construction criteria; and State-of-the-art asphalt testing technology (MMLS, Wheel rut tester, Gyratory Compactor, 4 Point Beam Fatigue testing, Modified Lottman Durability testing) employed to verify in-situ performance characteristics of the mixes. In addition, In the case of high quality heavy duty asphalt layers, a broad combination of applicable performance based mix design criteria and testing should be employed to scrutinise, verify and finally select the best possible designed/production mix. Scaled APT is an invaluable laboratory and field testing tool to verify the deformation resistance and durability of high quality heavy duty asphalt mixes;
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